1. Introduction {#sec1}
===============

COVID-19, caused by SARS-CoV-2, was first reported in several cases with unexplained pneumonia from Wuhan, China, in late December 2019. SARS-CoV-2 is the seventh member from coronaviruses family that infects humans. The remaining six coronaviruses are HCoV-229E, HCoV-OC43, HCoV-NL63, HCoV-HKU1, SARS-CoV and MERS-CoV ([@bib6]; [@bib18]). The spread of SARS-CoV-2 is more widely and quickly than initially expected. ([@bib3]; [@bib4]; [@bib5]; [@bib6]; [@bib11]; [@bib18]). As of Feb 24, 2020, a total of 77,262 COVID-19 cases have been confirmed in mainland China with 2595 deaths, and 2069 cases outside China with 23 deaths ([@bib15]). Rapid and simple diagnosis of SARS-CoV-2 will undoubtedly help to control the spread of the virus. Real-time RT-PCR assay rendered a specific and sensitive tool for detecting SARS-CoV-2 ([@bib4]). However, its field application was impeded in resource-limited settings due to the potential contamination and the requirement of expensive equipments.

Recombinase-aided amplification (RAA) is a new isothermal amplification technology, requiring no classical thermostable enzyme. RAA has been widely used to detect microbial pathogens ([@bib2]; [@bib10]; [@bib17]). The reaction, containing a recombinase UvsX obtained from *Escherichia coli* and the single strand DNA-binding protein (SSB) used in a polymerase chain reaction (PCR), can form single-stranded DNA without heating and can be finished within 30 min at a constant temperature of 39 °C. Together with reverse transcriptase and fluorescent probe system, RAA assay can also be used for the real-time detection of RNA amplicons ([@bib12]; [@bib14]; [@bib16]).

The aim of this study was to develop a real time RT-RAA assay for the rapid and simple detection of SARS-CoV-2 and to evaluate its performance in clinical specimens.

2. Material and methods {#sec2}
=======================

2.1. Viral isolates and clinical specimens {#sec2.1}
------------------------------------------

The strain of SARS-CoV-2 preserved in our lab was isolated from COVID-19 patient\'s sample using Vero E6 cells. Pharyngeal swabs were obtained from 150 patients with acute respiratory infection within 10 days after the onset of clinical symptoms from 2019 to 2020, and stored at −70 °C before use. Other clinical specimens positive for the pathogens influenza A, influenza B, HCoV-229E, HCoV-OC43, HCoV-NL63, HCoV-HKU1, respiratory syncytial virus, parainfluenza virus, rhinovirus, and human metapneumovirus, as identified by pathogen specific real-time PCR in our institute were used to evaluate the specificity of RT-RAA assay.

2.2. Primer and probe design {#sec2.2}
----------------------------

The nucleocapsid protein gene (N gene) of SARS-CoV-2 downloaded from the Global Initiative on Sharing All Influenza Data (GISAID) was chosen as the target region. Oligonucleotide primers and probes (Sangon Biotech, China) used in the real-time RT-RAA assays were manually designed based on the sequence of N gene ([Table 1](#tbl1){ref-type="table"} ).Table 1Sequences of primers and probe for RT-RAA Assay for SARS-CoV-2.Table 1Primer/ProbesSequence (5′-3′)Genome position[a](#tbl1fna){ref-type="table-fn"}SARS-CoV-2-FCAGTTCAAGAAATTCAACTCCAGGCAGCAGTAG28,849-28881SARS-CoV-2-R\
SARS-CoV-2-PCAGTTTGGCCTTGTTGTTGTTGGCCTTTAC29,009-28980CAGACATTTTGCTCTCAAGCTGGTTCAATC \[FAM-dT\](THF)\[BHQ-dT\]CAAGCAGCAGCAAAG (C3-spacer)28,979-28932[^2][^3]

2.3. Production of a standard control {#sec2.3}
-------------------------------------

Targeted N gene fragments of SARS-CoV-2 were amplified by the primers same as used in the real-time RT-RAA assay and then cloned into PUC57 vector (Sangon Biotech, China). The concentration of this plasmid was measured after extraction (MiniBEST Plasmid Purification Kit TaKaRa, China). The expected copy number of N gene was calculated according to a previous study ([@bib7]).

2.4. RNA extraction {#sec2.4}
-------------------

Total RNA from strain and samples were extracted using a Virus RNA/DNA Extraction Kit (Tianlong, China) according to the manufacturer\'s instruction, and stored at −70 °C.

2.5. Real-time RT-RAA assay {#sec2.5}
---------------------------

The real-time RT-RAA assay was performed with an RT exo kit (Qitian Bio-technology, China), containing all the enzymes for the reverse transcription and DNA amplification. The reaction mixture contained 12.7 μL of diethyl pyrocarbonate (DEPC) H~2~O, 25 μL of buffer, 2.1 μL of each primer (10 μM), and 0.6 μL of probe (10 μM), finally 42.5 μL solution was transferred to a tube containing the RT-RAA lyophilized enzyme mixture (SSB, 800 ng/μL; UvsX, 120 ng/μL; DNA polymerase, 30 ng/μL), mixed gently, 5 μL of RNA template was added to the reaction mixture, and 2.5 μL of magnesium acetate (280 mM) was pipetted into the tube lids. The tube lids were closed carefully, immediately transferred to a constant temperature device QT-B6100 (Qitian Bio-technology, China), vortexed briefly, the magnesium acetate was spun down into the reaction mixture to trigger the RT-RAA reaction at 39 °C for 7 min pre-amplification. Then the tubes were transferred to a RAA fluorescence detection device QT-F1620 (Qitian Bio-technology, China) at 39 °C for 20 min. Nuclease-free water was used as a negative control.

2.6. Sensitivity and specificity of real-time RT-RAA {#sec2.6}
----------------------------------------------------

Serial dilutions of the plasmid standards, ranging from 1 × 10^1^--1 × 10^5^ copies/reaction, were used to calculate sensitivity of real-time RT-RAA. The specificity of the aasay was evaluated by testing clinical specimens positive for influenza A, influenza B, HCoV-229E, HCoV-OC43, HCoV-NL63, HCoV-HKU1, respiratory syncytial virus, parainfluenza virus, rhinovirus, and human metapneumovirus.

2.7. Clinical specimen analysis {#sec2.7}
-------------------------------

To evaluate the performance of the real-time RT-RAA assay among clinical specimens, all of the 150 pharyngeal swab specimens were subjected to the parallel analysis with a real-time RT-PCR assay (BioGem, China). The reaction mixture of the real-time RT-PCR assay contained 12 μL of qRT-PCR Buffer, 4 μL of qRT-PCR Enzyme Mix, 4 μL of primer/probe Mix, and 5 μL template, and was performed on 7900 Real-Time PCR system (ABI,USA) according to the manufacturer\'s instructions follows: a 50 °C for 10 min for reverse transcription, a 5 min for pre-denaturation at 95 °C followed by 40 amplification cycles of 10 s at 95 °C and 40 s at 55 °C each (annealing-extension step).

2.8. Statistical analysis {#sec2.8}
-------------------------

The kappa and *p* values were calculated by using SPSS 19.0.

3. Results {#sec3}
==========

3.1. Analytical sensitivity of the real-time RT-RAA assay {#sec3.1}
---------------------------------------------------------

The sensitivity of RT-RAA assay for SARS-CoV-2 was determined using a panel of serially diluted recombinant plasmid ranging from 10^1^ to 10^5^ copies per reaction. The repeatability of the method was evaluated by testing each dilution 8 times ([Table 2](#tbl2){ref-type="table"} ). The minimum detection limit of real-time RAA assay was 10 copies/reaction. As presented in [Fig. 1](#fig1){ref-type="fig"} , the reactions with higher concentration of the virus target plasmid showed earlier peaks.Table 2The reproducibility of real-time RT-RAA with a dilution series of plasmid DNA.Table 2ConcentrationNo. of replicates testedNo. of detectionMeans Tt value (min)Detection rate (%)10^5^88210010^4^882.3310010^3^882.3310010^2^88310010^1^884100[^4]Fig. 1Amplification plots of real-time RT-RAA for 10-fold serial dilutions of plasmid.Fig. 1

3.2. Analytical specificity of real-time RT-RAA assay {#sec3.2}
-----------------------------------------------------

The specificity of RT-RAA assay was evaluated by samples positive for other pathogens that could cause similar respiratory symptoms. Only the extracts from SARS-CoV-2 strain and COVID-19 patient\'s samples showed positive reactions. And all negative controls and extracts from other pathogens samples were negative in the real-time RT-RAA assays ([Fig. 2](#fig2){ref-type="fig"} ). Thus, it demonstrated high specificity for the target gene of SARS-CoV-2. These results indicate that the analytical specificity of the real-time RT-RAA assay was 100%.Fig. 2Specificity of the real-time RT-RAA assay for SARS-Cov-2.Fig. 2

3.3. Comparison of real-time RT-RAA assay and real-time RT-PCR {#sec3.3}
--------------------------------------------------------------

As showed in [Table 3](#tbl3){ref-type="table"} , of all 150 samples, 68 pharyngeal swabs had a positive amplification by real-time RT-PCR assay with a Ct value ranging from 21.0 to 36.5. Of the 68 positive samples in real-time PCR, 65 showed positive results with the real-time RT-RAA assay ([Table S1](#appsec1){ref-type="sec"}), resulting in a sensitivity of 95.6%. Of the 82 samples without amplification in real-time RT-PCR, all were also showed negative result by the real-time RT-RAA assay, providing a specificity of 100%. Compared with the real-time RT-PCR, the kappa value of this assay was 0.959 (*p* \< 0.001). No significant difference between them was observed.Table 3Performance of real-time RAA assay in comparison to the reference method, real-time RT-PCR, for detecting SARS-CoV-2 in clinical samples.Table 3Real-time PCRPerformance characteristicsPositiveNegativeSensitivity (%)Specificity (%)KappaReal-time RAAPositive65095.61000.959Negative382Total6882

4. Discussion {#sec4}
=============

Although viral isolation was time-consuming and dependent on skilled technician, it is still the gold standard for SARS-CoV-2 identification ([@bib8]). Molecular techniques have been used successfully to identify infectious agents for many years. Real-time RT-PCR and high-throughput sequencing are currently main tools for the identification of SARS-CoV-2 in China ([@bib1]; [@bib9]). Recently, nucleic acid isothermal amplification (NAIA) has developed rapidly. RAA is easier and cheaper in comparison to other isothermal amplification techniques, such as rolling circle amplification (RCA), nucleic acid sequence-based amplification (NASBA), loop-mediated isothermal amplification (LAMP), and single primer isothermal amplification (SPIA). Similarly with recombinase polymerase amplification (RPA), but use the different recombinase which comes from bacteria or fungi, both of them can react at lower temperature.

In the present study, a novel molecular method was established to detect N gene of SARS-CoV-2 by using real-time RT-RAA. Since RT-RAA assay can be conducted at 39 °C, and scanned by a portable real-time fluorescence device without thermal cycler. It is useful for molecular diagnosis of SARS-CoV-2 infection, especially in low-equipment setting. The highly sensitive molecular diagnostic method for SARS-CoV-2 in the study had a limit of 10 copies per reaction. Results of clinical sample analysis showed that 3 of the 68 real-time RT-PCR-positive samples were negative as detected by RT-RAA. This might due to the viral load in these samples is below the detection limit of RT-RAA (the Ct value were \>35 tested by real-time RT-PCR), or the viral genomes in these samples might mutate at the position of RAA primers or probe. If more clinical samples were included in this study, there might also be samples positive for RT-RAA but negative for real-time RT-PCR. Indeed, a multiple-centre clinical evaluation of another RT-RAA assay targeting the ORF1ab gene of SARS-CoV-2 we established showed there were some samples positive by real-time RT-PCR but missed by RT-RAA, and some samples positive by RT-RAA but missed by real-time RT-PCR ([@bib13]).

The longer primers (\>30 base oligonucleotides) and probes (\>45 base oligonucleotides) enhanced the efficient recombinase-DNA complex and the specificity of the RAA assay, without any cross-reaction with other respiratory pathogens, including coronaviruses. Due to simultaneous chain lysis and amplification, million copies of target gene can be amplified within 20 min. All specimens could be correctly diagnosis within 8 min. If the 7 min pre-amplification was included, the results could be acquired within 15 min. In addition, all the enzymes was included in the lyophilized pellets and added into a tube, which can be closed for fast, easy transportation (without cold chain) and operation to minimize the contamination ([@bib14]).

However, this study has a few limitations. Only the single N gene of SARS-CoV-2 is targeted, studies with larger sample size are needed to verify the accuracy of the established assay. Additionally, to evaluate the sensitivity of the RT-RAA assay, we used serially diluted recombinant plasmid but not RNA standard which might better reflect the detection sensitivity of the assay.

In summary, a rapid, highly sensitive, specific, and simply operational real-time RT-RAA method was developed to detect the N gene of SARS-CoV-2. This assay may be useful in low-resource settings.
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